Introduction
One of the major issues with SiC power devices is the reliability of the dielectric and SiC interface. The dielectric material and its interface to SiC need to be improved, both to achieve better gate oxide for SiC MOSFETs and also for improving surface passivation for device areas exposed to high electric fields. One specific area is related to SiC BJTs, which are degraded by surface recombination at the emitter-base interface due to surface states, possibly related to the remaining carbon atoms or clusters at these interfaces and contribute to degradation of BJTs [1, 2] . But there are not many techniques where SRV can be measured directly. In this paper, we have studied an optical method based on FCA to characterize the interface and thereby extract SRV, which gives a better insight into these surface states and charge carrier dynamics. CV measurements are also done to extract the D it on the same samples and a comparison is made between both of these methods.
Sample fabrication
The test structures are grown on 4 o off-axis 4H-SiC wafers purchased form SiCrystal AG. The sample underwent chemical mechanical polishing (CMP), and a nitrogen doped n-type epi-layer of 8-10 µm and doping concentration of 5×10 15 cm -3 was grown. The samples were then cleaned by standard cleaning procedure and finally dipped in HF solution to remove the native oxide before oxide deposition. These samples were then divided into two batches for deposition of the dielectrics. The first batch was used for depositing SiO 2 using plasma enhanced chemical vapor deposition (PECVD) at 300 ⁰C. This process is then followed by N 2 O annealing for 60 mins at a temperature of 1150 ⁰C to obtain a high quality SiO 2 . Using ellipsometry, it was found that the thickness of this oxide was 54 nm [4] . The second batch was used for depositing a 56 nm of Al 2 O 3 Fig. 1 shows the schematic of the test structures fabricated for both electrical and optical characterization [4] .
Measurement Technique
Free carrier absorption (FCA) is an efficient technique to study lifetime of charge carriers in semiconductors [8] . The measured effective lifetime values can then be used to extract recombination velocity of charge carriers at the interface between the epitaxial layer and the oxide. Fig. 2 shows the basic principle and experimental setup for FCA measurements. The pump laser has a wavelength intensity of 355 nm corresponding to the bandgap of SiC, which is 3.25 eV, with constant output energy of 13 µJ per pulse. Half width of the pump laser is 2 ns with a spot diameter of 500 µm and a repetition rate of 40 Hz. This beam is guided by a series of lenses and mirrors to produce a local axial excitation of carriers in the sample. The probe beam is continuous and has a wavelength of 861 nm with 40 mW power. This wavelength is in the range of infrared. The measurements are done under co-axial geometry, where both pump and probe beams enter the sample from the surface. An avalanche photo detector is behind the sample to measure the amount of probe beam absorbed by these excited carriers. The output of the detector is connected to a 2 GHz oscilloscope. This is in turn connected to a computer, which records the intensities of absorbed probe beam versus time [5] . This information can be converted to the excited charge carrier generated using the following relation:
(1) where I 0 and I(t) are the incident and transmitted intensities respectively, σ FCA is the free carrier absorption cross section, ∆n(t) is excited carrier density and d is thickness of the sample.
Capacitance voltage (CV) measurements have been utilized to determine the D it . These values have been extracted using Terman method [9] . Here, the frequencies corresponding to the capacitance versus bias are at high enough value, so D it does not have enough time to respond to the small signal ac voltage used for measuring capacitance. Results and Discussion Figure 3 shows the absorbed light from the probe for Al 2 O 3 on SiC sample, implanted with an Ar fluence of 1×10 12 cm -2 . This plot of absorption versus time consists of three regions designated as A, B and C. Region A is a fast decay, which corresponds mainly to recombination in the SiC substrate. This region has short lifetimes (10-15 ns) corresponding to the fast recombination of minority charge carriers. Region B corresponds to recombination in the epi-layer, which have an intermediate decay rate. From the slope of this part one can extract the effective lifetimes in the epi-layer, which depends on the combination of interface recombination, bulk recombination and diffusion [3] . Region C corresponds to the slow decay tail where, after sufficiently long times, the absorption/carrier concentration reaches steady state equilibrium values due to residual minority carrier trapping in the bulk. We have furthermore developed an analytical tool using MATLAB [6] that can extract SRV at the interface from the optical data using the diffusion equation and boundary condition as shown in Eq. 3 and 4:
On left edge:
where the n is the carriers concentration, D is the diffusion co-efficient of the material, x is the thickness of the epi-layer, S 1 is surface velocity at epi-layer/substrate interface, S 2 is surface velocity at the oxide/epi-layer interface, n(1) is the carrier concentration at left edge, n(2) is the carrier concentration at right edge. The data obtained from FCA are then fitted with the analytical tool and SRVs, for samples with both types of dielectrics with various Ar ion fluencies, are extracted. As it could be observed from the Eq. 2, 3 and the diffusion equation, there are four unknown parameters in term of D, τ n, S 1, S 2. Our primary focus is to extract SRV of epi-layer/oxide interface (S 2 ). In order to do so, the remaining parameters have to be pinned at certain values. It was seen that as D increases the fast decay tail corresponding to the substrate reduces, i.e., the charge carriers recombine faster. This is in good agreement with theory. Now, in order to extract the SRV of the oxide/epi-layer interface the value of D has to be fixed. In this simulation the lifetimes have been varied from 0.2 µs to 10 µs and it was observed that there was negligible variations from 0.5 µs and higher. After fittings we got the values of D = 3 cm 2 /s and τ n = 0.5×10 -6 s. These values can also be supported by literature [3] . With fixed D, τ n and the S 1 which corresponds to the epi-layer/substrate interface, was almost constant about 4×10 4 cm/s for all the samples with different dielectrics and fluences. This is reasonable because for all the samples we have the same epi-layer, which is n-type, and substrate (4H-SiC). Using these values, the value of S 2 was extracted. Fig. 3 shows the curve fitting to extract S 2 with other parameters pinned for Al 2 O 3 as dielectric for 1×10 12 cm -2 fluence. Figure 4 (a) and (b) with Al 2 O 3 as dielectric is a better choice for radiation-rich environment. From Fig 4 (a) it can be observed for the SiO 2 structure, that the SRV is reduced for the initial Ar + implantation, suggesting that the implantation might improve the defect density of the structure. But in order to make conclusive statements, more investigations have to be done.
In Fig. 4 it is also possible to see how the SRV extracted from FCA measurements correlates with D it extracted from CV measurements. In order to do this comparison, the values of SRV's and D it have been normalised. For the normalization we have taken CV measurements at 100 kHz for 200 µm contacts and it could be observed that both the SRV and D it follow the same trend. In addition, similar trend was observed for CV measurements at different frequencies and contact points. This gives a suggestion that the simulation presented in this paper is an effective tool to extract the values of SRV's from FCA technique.
Conclusion
We have presented a new method to characterize the interface of 4H-SiC and passivation dielectric layer. First an analytical tool using MATLAB was developed by which it was possible to extract the SRV at the interface by fitting the effective lifetime data obtained from FCA measurements. It was observed that both SRVs and D it had a good correlation. This comparison shows the usefulness of FCA method to study the interface. It could be concluded that with FCA measurements together with CV measurements one can obtain quantitative values of charge carrier trapping dynamics. The data also suggests that Al 2 O 3 is better choice of dielectric for devices in radiation rich applications.
